ABSTRACT In this paper, we propose a dimmable visible light communication (VLC) system based on spectral-efficient layered/enhanced asymmetrically clipped optical single-carrier frequency-division multiplexing (L/E-ACO-SCFDM). L/E-ACO-SCFDM superimposes multi-layer ACO-SCFDMs occupying different subcarriers for enhancing the spectral efficiency of the system. Both the adjustable layer polarities and the low peak-to-average-power ratio property of ACO-SCFDM make it better suited to the linearity-limited VLC system. Meanwhile, L/E-ACO-SCFDM has the signal-to-noise ratio averaging advantage, which can effectively resist the high-frequency distortion caused by the bandwidth limitation of the VLC system. Based on the maximization of spectral efficiency of the system, the layer amplitudes, layer spectral efficiencies, and bias voltage are jointly optimized for providing the efficient communication under different illumination requirements. Benefiting from the numerous strengths, the proposed L/E-ACO-SCFDM-based dimming scheme can achieve at least 22.0% average spectral efficiency gain compared with several state-of-the-art OFDM-based dimming schemes within the same dimming range, which shows the great superiority for future practical applications of VLC.
I. INTRODUCTION
As an eco-friendly and energy-efficient technology, visible light communication (VLC) based on light-emitting diode (LED) draws the extensive attention from academic and industrial researchers recently [1] - [4] . Benefiting from its huge unregulated frequency resources, VLC is considered as a compelling candidate to complement the radio-frequency (RF) wireless communication facing spectrum scarcity problem [5] . Meanwhile, VLC has the advantages of low-interference spatial multiplexing structure, no electromagnetic interference and privacy protection [6] , [7] . It can provide high-speed network access for Internet of Things, virtual reality and other applications. In VLC system, intensity modulation with direct detection (IM/DD) is generally employed by virtue of the low-cost implementation. The electrical signals to be transmitted are modulated into optical intensity of LED and the received optical signals are proportionally converted to electrical signals by photodiode (PD) [8] , [9] .
More importantly, VLC system can provide the dual functions of communication and illumination, which is green and energy saving [10] , [11] . Commonly, different optical intensities are required for satisfying the different illumination requirements in the practical VLC applications, which is referred to as the dimmable VLC system or VLC system with dimming control [12] - [14] . In the IM/DD based VLC systems with dimming control, orthogonal frequency-division multiplexing (OFDM) is an attractive scheme and has been widely investigated because it can effectively resist the inter-symbol-interference (ISI) while improving spectral efficiency [15] - [18] . In [15] , OFDM is modulated into the 'on' duration of pulse width modulation (PWM) control signal where dimming control is achieved by adjusting the duty cycle of PWM signal. In the reverse polarity optical-OFDM (RPO-OFDM) based dimming scheme, the full cycle of PWM signal is utilized to modulate OFDM signals, which removes the limitation of the low PWM line rate [16] . Besides, the multi-PPM (MPPM) signals are combined with OFDM signals for alleviating the requirement to the receiver sensitivity in the dimmable VLC system [17] and MPPM is also used to aid RPO-OFDM scheme for performance enhancement in RPO-OFDM based dimming scheme [18] .
In order to remove the additional PWM or PPM dimming control unit and further enhance spectral efficiency of the OFDM-based dimmable VLC systems, a novel asymmetrical hybrid optical OFDM (AHO-OFDM) scheme is proposed by Wang et al. [19] . Two-layer signal structure utilizing more spectrum resources can be flexibly adjusted to make full use of the limited dynamic range of LED, thus reducing the clipping distortion of OFDM signal. In [20] , a layered asymmetrically clipped optical OFDM (L-ACO-OFDM) is implemented for dimming control. The multi-layer structure of signal with the adjustable polarities of layer is designed to achieve the flexible signal waveform, which can better adapt to the limited dynamic range of LED for different illumination requirements. Additionally, a hybrid dimming system based on L-ACO-OFDM and generalized spatial modulation is proposed to improve spectral and energy efficiencies of system [21] . Besides, hybrid L-ACO-OFDM (HLACO-OFDM) combining L-ACO-OFDM and negative L-ACO-OFDM is proposed. In [22] , the dimming adjustment is achieved by changing the proportion of positive and negative signals where the optimal signal amplitudes are fixed for avoiding the excess clipping noise and reducing the complexity. In the OFDM-based dimmable VLC schemes mentioned above [15] - [22] , the specific signal structures are designed to alleviate the clipping distortion to some extent. However, the essential problem that the OFDM signal is susceptible to the clipping distortion thanks to its high peak-to-average power ratio (PAPR) property, has not been solved. Fortunately, layered/enhanced asymmetrically clipped optical single-carrier frequency-division multiplexing (L/E-ACO-SCFDM) is proposed for achieving the multi-layer signal with high spectral efficiency and low PAPR [23] .
In this paper, to the best of our knowledge, we propose the first spectral-efficient dimming system based on L/E-ACO-SCFDM for VLC. L/E-ACO-SCFDM superimposes multi-layer ACO-SCFDMs occupying different subcarriers for enhancing the spectral efficiency of system. Both the adjustable layer polarities and the low-PAPR property of ACO-SCFDM make this scheme more suited to the linearity-limited VLC system. Meanwhile, L/E-ACO-SCFDM has the advantage of signal-to-noise ratio (SNR) averaging which can effectively resist the high-frequency distortion caused by the bandwidth limitation in VLC system. Based on the maximization of spectral efficiency of system, the layer amplitudes, layer spectral efficiencies and bias voltage are jointly optimized for providing the efficient communication under different illumination requirements. Benefiting from the numerous strengths, the proposed L/E-ACO-SCFDM based dimming scheme can achieve the average spectral efficiency gain of 22.0%, 23.9%, 66.6%, and 28.9% compared with the popular L-ACO-OFDM, HLACO-OFDM, AHO-OFDM and DCO-OFDM schemes within the same dimming range, respectively.
The rest of this paper is organized as follows. In Section II, the principle of L/E-ACO-SCFDM based dimming scheme for VLC is described. Then, in Section III, we present the performance analysis of the proposed scheme and make a comparison with the existing schemes. Finally, our conclusions are drawn in Section IV.
II. PRINCIPLE OF L/E-ACO-SCFDM BASED DIMMING SCHEME FOR VLC
The block diagram of the L/E-ACO-SCFDM based dimmable VLC system is depicted in Fig. 1 . At the transmitter side, the binary bitstream to be transmitted is first mapped into the M -ary pulse amplitude modulation (M -PAM) symbols. After layer division, the M -PAM symbols are divided into L groups for further multi-layer ACO-SCFDM encoding.
In this work, for realizing the one-dimensional signal modulation with low-computational complexity, the multiplexing and de-multiplexing algorithms of ACO-SCFDM signal employ inverse discrete Hartley transform (IDHT) and DHT, respectively [24] . According to the definition, N -point IDHT and N -point DHT can be expressed as
where the DHT kernel function cas(·) = sin(·) + cos(·). IDHT as a multiplexing algorithm for multi-carrier systems has a distinctive self-inverse property. That is, DHT module can be used for both IDHT and DHT. Therefore, in this work, all the multiplexing and de-multiplexing processes for L/E-ACO-SCFDM use DHT algorithm if no otherwise specified. Besides, DHT is real-valued transform. When the inputs are the real-valued M -PAM symbols, the outputs are also real-valued. Therefore, no hermitian symmetry is needed in the multiplexing process for the proposed scheme. Thereby, it can achieve the same spectral efficiency with the M 2 -quadrature amplitude modulation (QAM) modulated discrete Fourier transform (DFT) based ACO-OFDM scheme [25] . For the sake of clarity, we show an illustration for (a) 4-PAM modulated DHT-based multiplexing and (b) 4 2 -QAM modulated DFT-based multiplexing in Fig. 2 . The number of subcarriers is 16. The same spectral efficiency of 1 bit/s/Hz can be achieved for (a) and (b). For the -th layer ACO-SCFDM, the serial M -PAM symbols are first converted into the parallel one as
where [·] T is the transpose operation, P = N /2 , = 1, 2, . . . , L and N is the symbol length of L/E-ACO-SCFDM. Afterwards, the encoding processes are operated, including P-point DHT spread (denoted as X S = DHT(x s ( ) )), odd-subcarrier mapping and 2P-point DHT-based multiplexing. The encoding output is expressed as
where k is from 0 to 2P − 1 and the factor 1/ √ 2 −1 is multiplied for initially adjusting the same subcarrier power on each layer. X ( ) (h) is the h-th element of X ( ) with the length of 2P after odd-subcarrier mapping. Thus, Eq. (3) can be rewritten as
where
and
After further simplification, Eq. (4) can be expressed as
where k is from 0 to P−1 for Eq. (7a) and k is from P to 2P−1 for Eq. (7b). Therein, the trigonometric function factors
respectively. Besides, one can find that
which means x ( ) is anti-symmetric. That is, the non-negative signal x ( ) c is generated by clipping the negative part of x ( ) to zero. Because the DHT spread operation is used to process the M -PAM symbols before multiplexing, the generated signals have the virtue single-carrier structure, thus generating a low-PAPR property [26] . Thereby, we denote the non-negative signal x ( ) c as ACO-SCFDM. In this work, based on the simplified expressions (7a) and (7b) of x ( ) and the anti-symmetric property, the encoding processes in the blue boxes of Fig. 1 can be replaced by the low-complexity ones in the red boxes where the multiplication complexity is only O(N /2 −1 ). After that, for keeping the same symbol length of each layer, the symbols on -th layer need to be repeated 2 −1 times. The output of this operation is denoted as
where ϒ{·} is the repeated operation. Then, cyclic prefixes (CPs) are inserted and the parallelled time-domain symbols are converted into the serial ones for further layer power adjustment.
For the different ACO-SCFDM layers, the different subcarriers are used where the subcarrier indexes of the -th layer C ( ) , are from 2 −1 to N − 2 −1 at the step of 2 . The sets, C ( ) s for the different layers are mutually exclusive. Moreover, based on the definition of DHT-based multiplexing algorithm, the orthogonal property among subcarriers is still true. Assume that the subcarrier indexes are m and n for the arbitrary two subcarriers, it has
Therefore, the multi-layer ACO-SCFDMs occupying different subcarriers are combined to transmit simultaneously. The output (denoted as L/E-ACO-SCFDM signal) is superimposed on direct current vias Bias-Tee to drive the LED for optical-to-electric conversion. In the practical VLC applications, illumination is the primary function of LED. For energy saving, the adjustable brightness levels are commonly needed. For satisfying the illumination requirement, the amplitude scaling factor of layer ρ ( ) , ( = 1, 2, . . . , L), and bias voltage υ b can be adjusted in dimming control unit. The i-th resultant time-domain signal for LED can be expressed as
We all know that LED is the device with a limited dynamic range [υ tov , υ mp ] satisfying υ tov < υ mp where υ tov and υ mp are the turn-on voltage and maximum-permissible voltage, respectively [29] . Suppose that the transmission property of LED is quasi-linear within the range while beyond this range, the input signal suffers from the double-side clipping. Assume that the voltage-to-power coefficient is µ, the output of LED is given by
where P L = 0 and P U = µ(υ mp − υ tov ), µ is the electro-optic conversion efficiency. Unlike RF wireless communication, the communication performance and illumination intensity depend on the optical power calculating by signal expectation E{y o,i }. The illumination level is generally represented by the normalized dimming level [19] :
For the L/E-ACO-SCFDM based VLC system with dimming control, the illumination with different dimming levels and communication are achieved at the same time. For a certain dimming level η NL , the layer amplitudes and layer spectral efficiencies as well as bias voltage are jointly optimized for maximizing spectral efficiency of system ξ LE η NL . That is, the illumination and communication requirements should be simultaneously satisfied:
where ξ LE η NL is the achievable spectral efficiency of system and ξ ( ) η NL is the achievable spectral efficiency of the -th layer when the dimming level is η NL . M ( ) is the constellation size of PAM on the -th layer. max{·} and E{·} are the operations of taking the maximum and statistical expectation, respectively. · c represents the clipping effect of LED. T BER is the setting bit-error ratio (BER) target of the effective communication. BER indicates the communication performance of the whole multi-layer system by dividing the sum of the error bit number of layer by the total bit number. That is,
where N ( ) EB is the number of the error bits on the -th layer and N ( ) TB is the number of the total bits on the -th layer. At the receiver side, the simplified iteration received algorithm is used for processing the interference among layers [23] , [27] where the details are not reviewed here due to the limited space.
When the multi-layer system is considered for communication and illumination, one can find that Eqs. (16a)-(16c) are underdetermined where the equations include the excess variables, the clipping effect of LED and the effect of the bandwidth limitation. In this work, for achieving the highest spectral efficiency of system, the coefficients, M ( ) , ρ ( ) and DC are searched by the traversal method where the parameters are listed in the Table 1 for explicit description. In some previous works, the suboptimal solutions to these parameters can be obtained by setting the same layer amplitude factors or the fixed DC voltage for simplifying the search process [22] , [28] . In this work, the optimal solutions for the system performance are considered, and the suboptimal ones will be our future work. Finally, for each required dimming level, the corresponding adjustment factors mentioned above can be stored in the sever of dimming control unit for direct use in the practical applications.
III. SIMULATION AND RESULTS
In this section, the numerical simulation is conducted in line with the system diagram. The simulation parameters are set as follows. The limited dynamic range of LED, [υ tov , υ mp ], is set to [0, 1]. The total subcarrier number is 256 and sixteen CPs are employed for resisting the ISI. 512 time-domain symbols are employed where 10 training symbols are adopted for channel estimation. Four layers of ACO-SCFDMs are considered. Signal bandwidth is set to 100 MHz. Besides, a dominate line-of-sight (LOS) optical propagation link of VLC is considered [30] . The link noise consisting of thermal noise and shot noise is modeled as additive white Gaussian noise (AWGN) [31] . The relative AWGN power is set to −22.8 dBm. The other crucial channel characteristic of VLC is the severe bandwidth constraint due to the typical low-pass response of the commercial low-cost LED. In this work, we adopt the Butterworth low-pass filter with a 3-dB bandwidth of 10 MHz which is a good approximation to the experimental property of phosphorescent white LED [2] . Target BER is set to 2 × 10 −3 which is below the 7% forward error correction (FEC) limit.
A. ADVANTAGES
In this part, the advantages of L/E-ACO-SCFDM modulation scheme are firstly verified. The performance enhancement of L/E-ACO-SCFDM based dimmbale VLC system will be analyzed and present in the next part. L-ACO-OFDM has been employed in the dimmable VLC system for mitigating the clipping distortion to a certain degree [20] - [22] . In this paper, the signal characteristics of L-ACO-OFDM and L/E-ACO-SCFDM are first analyzed and compared. It has been verified that M -PAM ACO-SCFDM with DHT-based multiplexing has the same spectral efficiency with M 2 -QAM ACO-OFDM with DFT-based multiplexing in Fig. 2 . Thus, when 4-PAM is used for L/E-ACO-SCFDM, then 16-QAM is used for L-ACO-OFDM as a fair comparison. Similarly, 8-PAM and 64-QAM (i.e., 8 2 -QAM) are employed for L/E-ACO-SCFDM and L-ACO-OFDM, respectively.
The PAPR of discrete signal can be calculated by PAPR = 10 × log 10 (
where d(j) is the modulated discrete signal with the symbol length of N . Fig. 3 reveals the comparison of PAPR performance for L/E-ACO-SCFDM and L-ACO-OFDM with different spectral efficiencies. The number of symbols is 1000. Because four-layer signal structure is adopted, the spectral efficiencies ξ SE are 1.875 and 2.8125 bit/s/Hz, respectively. Explicitly, L/E-ACO-SCFDM has the lower PAPR than L-ACO-OFDM in both situations (a) and (b). Furthermore, for further quantifying the performance of resisting clipping distortion, we investigate the cumulative complementary distribution function (CCDF) of PAPR. CCDF is mathematically defined as the probability that PAPR exceeds the threshold PAPR (denoted as PAPR T ) [32] . By numerical simulation, when spectral efficiency is 1.875 bit/s/Hz, the PAPR of L/E-ACO-SCFDM is about 2.6 dB lower than that of L-ACO-OFDM at the CCDF of 10 −3 in Fig. 4 (a) . Meanwhile, the PAPR is also decreased by about 2.3 dB when ξ SE = 2.8125 bit/s/Hz in Fig. 4 (b) . The lower PAPR can make L/E-ACO-SCFDM more adaptable to the limited dynamic range of LED for different illumination requirements. According to [19] , the amplitude scaling factor of the -th layer ρ ( ) can be adjusted by the parameter β ( ) . For the layer with positive polarity, β ( ) = (υ mp − υ b )/ρ ( ) and for the layer with inverse polarity, β ( ) = (υ b − υ tov )/ρ ( ) . Commonly, the decibel unit is employed for a clear description where β ( ) (dB) is calculated by 10 × log 10 β ( ) . As shown in Fig. 5 , BER performance versus the parameter β is compared for L/E-ACO-SCFDM and L-ACO-OFDM with the same spectral efficiency. The spectral efficiency of ξ SE = 2.8125 bit/s/Hz is adopted and their first-layer signals (i.e., = 1) and the four-layer signals are taken as an example, respectively. For verifying the advantages and simplifying the comparison, the same β ( ) s are used.
Clearly, the 64-QAM L-ACO-OFDM can not reach the target BER for any scaling parameter β while that of 8-PAM L/E-ACO-SCFDM can reach it over a large range of β. Then, we compare the SNRs on data subcarriers for the first-layer signals of L/E-ACO-SCFDM and L-ACO-OFDM with the same spectral efficiency of ξ SE = 2.8125 bit/s/Hz in Fig. 6 . The optimal amplitude scaling factors are adopted by employing the parameters corresponding to point A and B in Fig. 5 . Inset shows the normalized channel response of the bandwidth-limited VLC system. The purple dashed line represents the required SNR (denoted as SNR ) for the target BER of 2 × 10 −3 . On the basis of [33] , the relationship between SNR and T BER can be given by
where M is the constellation order. Q(x) is the tail distribution function of the standard normal distribution as
By calculation, SNR needs to be greater than 21.9 dB for the 64-QAM signals so that the BER of system can satisfy the target BER of 2×10 −3 . Figure 6 shows there are near half of the data subcarriers with SNR less than SNR for L-ACO-OFDM. In comparison, SNRs on data subcarriers are almost greater than SNR for L/E-ACO-SCFDM. It mainly benefits from two aspects. One is the high modulation efficiency owing to low PAPR of L/E-ACO-SCFDM. As revealed in Fig. 5, β ( ) ≈ 5.4 dB for point A and β ( ) ≈ 5.9 dB for point B. It means that compared with L-ACO-OFDM, the higher signal power is assigned to L/E-ACO-SCFDM without excess clipping distortion. The other reason is the SNR averaging effect of SCFDM where the suffered high-frequency distortion due to the bandwidth limitation is averaged to all data subcarriers by the DHT spread operation. For an overall analysis of Fig. 4 and Fig. 6 , the L/E-ACO-SCFDM based dimmable VLC scheme is expected to outperform the L-ACO-OFDM based one.
B. PERFORMANCE ANALYSIS ON ILLUMINATION AND COMMUNICATION
According to Eqs. (16a)-(16c), for maximizing the achievable spectral efficiency of dimming system and satisfying the requirements to illumination and communication at the same time, the different layer amplitudes and spectral efficiencies of layer as well as bias voltage are jointly optimized. Multi-layer symbols are transmitted simultaneously and the layer polarities are flexibly adjusted, thus enhancing the spectral efficiency of system and mitigating the clipping distortion due to the limited dynamic range of LED. Figure 7 (a) and (b) depict that the achievable spectral efficiency of layer versus the normalized dimming level η NL of system for L/E-ACO-SCFDM and L-ACO-OFDM, respectively. One can find that the decreasing achievable spectral efficiencies are illustrated for each layer of L/E-ACO-SCFDM and L-ACO-OFDM at the low and high normalized dimming levels. At the low or high dimming levels, the low signal powers are provided. It results in the deteriorated SNR of system, thus only supporting the low modulation order of PAM or QAM. Nevertheless, benefiting from the low PAPR and the SNR averaging effect, almost all achievable spectral efficiencies of each layer for L/E-ACO-SCFDM are still higher than those for L-ACO-OFDM.
In Fig. 8 , we evaluate the achievable spectral efficiency of system for the proposed L/E-ACO-SCFDM based dimming scheme at the different normalized dimming levels. The conventional AHO-OFDM [19] , L-ACO-OFDM [20] , HLACO-OFDM [22] , and DCO-OFDM [12] based dimming schemes are also analyzed for comparisons. For four OFDM-based dimming schemes, the DCO-OFDM based scheme achieves the higher spectral efficiency than L-ACO-OFDM, HLACO-OFDM and AHO-OFDM at the middle dimming levels. It is because the clipping effect of LED has less impact on the system performance within the middle dimming range. Meanwhile, DCO-OFDM utilizes more subcarrier sources than the other three OFDM-based schemes as shown in Table 2 . However, at the lower or higher VOLUME 7, 2019 dimming levels, the clipping effect of LED plays a major role in communication performance. Hence, L-ACO-OFDM, HLACO-OFDM and AHO-OFDM with the flexible signal structure support more efficient communication. Therein, HLACO-OFDM achieves the superior performance from 20% to 80% dimming range, which is a low-complexity scheme by fixing the same amplitude of layer and adjusting the ratio of positive and negative signals.
Moreover, our proposed L/E-ACO-SCFDM based dimming scheme outperforms the other four schemes within the whole dimming range. Meanwhile, like L-ACO-OFDM and HLACO-OFDM, L/E-ACO-SCFDM can support the communication with a small throughput fluctuation within a relatively wide dimming range. For the whole dimming range, the achievable average spectral efficiency is calculated by ξ SE = K κ=1 ξ η κ /K where K is the total number of dimming levels and ξ η κ is the achievable spectral efficiency of system at the κ-th dimming level η κ . For L/E-ACO-SCFDM, L-ACO-OFDM, HLACO-OFDM, AHO-OFDM and DCO-OFDM, the achievable average spectral efficiencies are summarized in Table 2 , respectively. L/E-ACO-SCFDM obtains the highest ξ SE . We use the achievable average spectral efficiency gain to represent the improvement of communication performance for the L/E-ACO-SCFDM based dimming control scheme compared to other scheme, which is defined as
where ξ LE η κ and ξ C η κ are the achievable spectral efficiencies at the κ-th dimming level for the proposed L/E-ACO-SCFDM based dimming scheme and its comparison scheme, respectively. According to Eq. (20) , the achievable spectral efficiency gains for L/E-ACO-SCFDM based dimming scheme are 22.0%, 23.9%, 66.6%, and 28.9% in comparison of L-ACO-OFDM, HLACO-OFDM, AHO-OFDM and DCO-OFDM, respectively. These advantages of our proposed L/E-ACO-SCFDM based dimming scheme benefit from the adaptive multi-layer signal structure, the low-PAPR property as well as the SNR averaging effect. Then, the achievable spectral efficiency of system versus the normalized dimming level is studied for L/E-ACO-SCFDM with the different layer numbers as revealed in Fig. 9 . It can be seen that the achievable spectral efficiency is increasing as the number of layers increases. For L/E-ACO-SCFDM with two-layer, three-layer, fourlayer, five-layer structures, the achievable average spectral efficiency can be achieved by calculation as 1.86, 2.28, 2.42 and 2.48 bit/s/Hz, respectively. Moreover, relative to the achievable average spectral efficiency for the two-layer signal structure, the achievable average spectral efficiency gains for three-layer, four-layer and five-layer structures are 22.7%, 30.3% and 33.9%, respectively. However, for the multi-layer transmission system, the implemental complexity is also a critical factor. For removing the layer interference, the iteration received algorithm is used for decoding the multi-layer signals layer by layer, which results in the high computational complexity. Therefore, for the different dimming levels, we need to make a tradeoff between the achievable spectral efficiency of system and the implemental complexity.
C. COMPLEXITY
In this part, the complexity is discussed for L/E-ACO-SCFDM, L-ACO-OFDM, HLACO-OFDM, AHO-OFDM and DCO-OFDM. Unlike the first four multi-layer solutions, DCO-OFDM scheme has the lowest computational and implementation complexity. For the multi-layer HLACO-OFDM scheme, it has the low implementation complexity due to the additional ratio dimming factor. It can provide the direction to simplify the other schemes, which will be our future work. According to [27] , the computational complexity is about O(N log 2 N ) for one N-point IFFT operation. Table 3 concludes the computational complexity of the other four schemes where the computational complexity of transmitter and receiver is discussed, respectively [23] , [27] . Clearly, AHO-OFDM and DCO-OFDM have the lower complexity. However, L/E-ACO-SCFDM and L-ACO-OFDM have the strengths in the dimming aspect. Moreover, our proposed L/E-ACO-SCFDM based dimming scheme has the lower computational complexity compared with L-ACO-OFDM based one benefiting from the simplified encoding module. Thus, L/E-ACO-SCFDM shows the combined advantages in both communication and illumination.
IV. CONCLUSION
In this paper, to the best of our knowledge, we propose the first spectral-efficient dimming scheme based on L/E-ACO-SCFDM for VLC. L/E-ACO-SCFDM superimposes multi-layer ACO-SCFDMs occupying different subcarriers for enhancing the spectral efficiency of system. Both the adjustable layer polarities and the low-PAPR property of ACO-SCFDM make the proposed scheme more suited to the linearity-limited VLC system. Meanwhile, L/E-ACO-SCFDM has the advantage of SNR averaging which can better resist the high-frequency distortion caused by the bandwidth limitation. Based on the maximization of spectral efficiency of system, the layer amplitudes, layer spectral efficiencies and bias voltage are jointly optimized for providing the efficient communication under different illumination requirements. Benefiting from the numerous strengths, the proposed scheme can achieve the average spectral efficiency gain of 22.0%, 23.9%, 66.6%, and 28.9% compared with L-ACO-OFDM, HLACO-OFDM, AHO-OFDM and DCO-OFDM within the same dimming range, respectively. Therefore, the proposed L/E-ACO-SCFDM based dimming scheme shows the great superiority for future practical applications of VLC.
